Abstract. The emerging experimental program for photofission research at ELI-NP is briefly summarized. GEANT4 Monte Carlo simulations, providing estimates of the collimated beam profile of the ELI-NP gamma beam: beam energy bandwidth and beam spot dimensions, the required target dimensions, and fission fragment emission rates, their mass and energy distributions, have been reported, which ensure the feasibility of high-resolution studies of the multiple-humped fission barrier. A spectrometer consisting of four ionization chambers coupled to Si strip detectors, called ELI-BIC, is being developed for these measurements, and is briefly discussed.
INTRODUCTION AND PHYSICS GOALS AT ELI-NP
One of the experimental programs, under preparation with the gamma beam system (GBS) at the Extreme Light Infrastructure Nuclear Physics (ELI-NP) facility, is focused on photofission studies aiming at mapping the potential energy surface (PES) of the multiple-humped fission barrier and detailed study of superdeformed (SD) and hyperdeformed (HD) states using transmission resonance spectroscopy, as a function of energy, in the sub-barrier energy region [1, 2] . By mapping the PES of the actinides, the harmonicity of the potential barrier can be examined and the parameters of the fission barrier can be extracted. Fission barrier parameters are crucial inputs for cross-section calculations in the thorium-uranium fuel cycle of fourth generation nuclear power plants.
The multiple-humped fission barrier has been subject of research interest over the years. In actinide nuclei, fission isomers were discovered [3] , which were explained as due to a shape difference in ground and isomeric state. They were described theoretically, as a superposition of microscopic shell corrections to the nuclear binding energy, on the macroscopic part of the deformation energy described by the liquid drop model [4] . Theoretically, a shallow [5, 6] , then a deeper and more pronounced [7] third minimum was also suggested for hyperdeformed nuclear shapes.
Experimentally, observation and study of transmission resonances are used for the identification of the excitation energies of states in the different minima of the potential barrier and study of the fission barrier. Transfer reactions with high-resolution were mostly used for transmission resonance spectroscopy experiments. Rotational bands were identified among the excited states, their moment of inertia were determined and then classified as SD or HD bands [8, 9] belonging to the second and third minima of the potential barrier. The depth of the minima were determined from the density of states [9] , which was actually too high in transfer reactions.
More recent theoretical approaches, however, predict again a more shallow third minimum of the fission barrier [10, 11] , or for some isotopes do not predict the existence of such a minimum [10, 11] . Better, and more decisive experimental data are needed to clarify the situation.
In the photo-absorption process, the transferred angular momentum is low and well-defined. The density of the states, which are excited is much smaller compared to the transfer reactions and this makes photofission effective for selective investigation of extremely deformed nuclear states in the light actinides. Hence, photofission studies provide better understanding of the landscape of the multiple-humped fission barrier. The selectivity of photofission measurements allows investigation of the decay properties of fission resonances in the second and third minima of the fission barrier of light actinides. High-resolution studies can be performed on the mass, atomic number and kinetic energy distributions of the fission fragments following the decay of well-defined initial states in the first, second and third minima of the PES in the region of light actinides.
Nearly all sub-barrier photofission measurements until now, have been carried out with bremsstrahlung photons, measuring integrated fission yields. A plateau was observed in the fission cross-section, referred to as the isomeric shelf [12, 13] . Measurements using bremsstrahlung monochromator [14] and tagged photons [15] , pushing the bremsstrahlung technique to its limit, could improve the resolution to a certain limit.
The quest for extremely deformed nuclear shapes in the light actinides through studies of transmission resonances call for high-resolution measurements with brilliant narrow-width gamma beam [8, 9] , which can be produced by Compton back-scattering (CBS) of light photons off a relativistic electron beam. A recent experiment, to explore the multiple-humped fission barrier of 238 U via sub-barrier photofission, was carried out at the HIγS γ-beam facility in Duke University, USA. The measurements indicated the existence of three minima in 238 U, because the measured sub-barrier cross-section could be best described by a model assuming a deep HD minimum [16] . However, the beam bandwidth, 150 − 200 keV at 5 MeV could not resolve possible resonances.
The brilliant gamma beam with spectral density of ∼ 10 4 photons/(s eV), having a narrow bandwidth of ≥ 0.3%, which corresponds to ≈ 15 keV at 5 MeV, and polarization > 99%, which will be delivered by the ELI-NP GBS [17, 18] , offers an opportunity to overcome the existing limitations in the transmission resonance studies for fission barrier investigation [1, 2] . This opens an avenue and provides a possibility for identifying the sub-barrier transmission resonances in the fission decay channel with integrated cross-sections down to Γ σ ∼ 0.1 eVb. The narrow energy bandwidth will also allow for a significant reduction of the presently dominant background from nonresonant processes. The highly collimated γ beams having a small beam spot size, allow the development of more compact photofission detectors than those of before, and permits remarkably improved angular resolution. ELI-NP is expected to allow preferential population and identification of vibrational resonances in photofission cross-section and ultimately enable observation of the fine structure of the isomeric shelf.
At ELI-NP, absolute photofission cross-section in the deep sub-barrier energy region will be measured, a crucial step toward a reliable characterization of the PES, including unambiguous determination of the double-or triplehumped nature of the surface and precise evaluation of the barrier parameters. The research program includes the detailed study of the mass, atomic number, angular and kinetic energy distributions of fission fragments following the decay of the states in the different minima of the PES in the region of the light actinides. Since the fission mass and charge distributions are distinctly determined by the configuration at the scission point, and the third minimum is very close to the scission configuration, we expect that the mass distributions originating from the third minimum exhibit a much more pronounced asymmetric mass distribution. However, such a dramatic effect of the shell structure has not been observed so far. Investigation of the heavy clusterization and the predicted cold valleys of the fission potential are among the other physics goals of this research programme, which were discussed in Ref. [1] .
Another topic to be addressed is the search for exotic fission modes like true ternary fission and collinear cluster tripartition (CCT) [1] . It will be very interesting to study nuclear fission accompanied by light charge particle emission, to measure the light particle decay of excited states and to search for the predicted enhanced α decay of HD states of the light actinides. As ternary particles are released close to the scission point, they provide valuable information about the scission point and also fission dynamics. The use of polarized beam fixes the geometry of the process, which is advantageous for detailed studies. Among the open problems related to the process are the mechanism of emission of ternary particles and the role of deformation energy, role of the spectroscopic factor, formation of heavier clusters, to list a few.
These studies call for development of state-of-the-art fission detectors. The work reported here includes results from simulations for the ELI-NP beam profile, beam spots obtained at the experimental position, and estimates of fission fragments emission rates for ELI-NP γ-beams at low, 5.8 MeV, medium, 12.9 MeV, and high, 18.6 MeV, energies, and energy-mass distribution of the emitted fragments. These calculations have been performed to check the possibility of high-resolution transmission resonance measurements with the ELI-NP GBS facility. The spectrometer, called ELI-BIC, being constructed for these studies, is briefly discussed.
070003-2

Estimates of ELI-NP gamma beam properties for high-resolution fission barrier studies
The gamma beam at ELI-NP will be produced by inverse Compton back-scattering (CBS) of laser photons, off a relativistic electron beam. With such a collision, the laser photons are scattered into a very narrow cone, oriented closely to the direction of the incident electrons, and their energy is amplified by a factor of 10 6 − 10 7 , from the eV to the MeV energy range. Due to its production via CBS, the energy of the beam has strong relation with the emission angle, as demonstrated in Fig. 1(a) . Hence, by using a collimator, quasi-monoenergetic γ-ray beams can be produced. Up to a certain limit, the energy resolution of the CBS γ-ray beam, characterized by beam bandwidth, can be improved by decreasing the collimator aperture [19, 20] . The γ-beam at ELI-NP will be collimated by a tungsten collimator, the aperture of which can be adjusted precisely to sub-millimeter range [18] . The collimator will be positioned at 890 cm from the CBS interaction point (IP). Calculations within the GEANT4 Monte Carlo simulation framework [21] , have been performed to study the beam bandwidth as a function of collimator opening. In Fig. 1(a) , the relation of beam energy with the emission angle is shown for the ELI-NP gamma beam before collimation and after collimation with a bandwidth of 0.5%, for 12.9 MeV beam energy. The photofission experiments have been planned to be carried out at 30 m from the interaction point. The expected beam spot at this position is shown in Fig. 1(b) The result from the systematic study of the beam bandwidths expected to be obtained with different collimator aperture, is shown in Fig. 2(a) , for three different beam energies, 5.8, 12.9, and 18.6 MeV. The expected beam spot dimensions at the experimental target position, for the various collimations, is shown in Fig. 2(b) .
Estimates of the required target dimensions and fission fragment emission rates for high-resolution fission barrier studies at ELI-NP Gamma beams with the properties described in the previous section, were used for the studies of target irradiation, within the GEANT4 Monte Carlo simulation framework [21] , with an aim to estimate the required target dimensions, fission fragment emission rates and the distribution of the mass and energy for the emitted fragments. Three γ-beam energies, 5.8, 12.9, and 18.6 MeV, with bandwidth of 0.3% and 0.5%, are used for the calculations. A detailed description on the implementation of the photofission process in GEANT4, is given in Ref. [20] . A 238 U target was implemented for these calculations. The photofission cross-section for 238 U was taken from Ref. [22] . Fission fragment emission rates are estimated for two different target tilt angles, 10
• and 45 which correspond to the target tilt angles for the planned in-beam photofission measurements. The results of the calculations are listed in Table 1 for 20 mg/cm 2 thick target, the maximum effective target thickness to be used for such measurements. The thick target experiments at ELI-NP will address the measurements of absolute fission crosssections. The energy and mass distributions of the emitted fission fragments for 12.9 MeV beam energy, obtained from our simulations, is shown in Fig. 3 . In the sub-barrier region, for 5.8 MeV beam energy with 0.3% bandwidth, and thin target of thickness ∼ 200 μg/cm 2 , ∼ 10 6 fission fragments are estimated to be emitted in seven days. Thin target experiments at ELI-NP will aim at the studies of mass, atomic number, kinetic energy and angular distributions of fission fragments.
For detailed measurements of the kinetic energy, mass, atomic number, and angular distributions of the fission fragments, on and off the resonances, a highly-efficient, four-folded array of Frisch-gridded twin-ionization chamber [23, 24] named ELI-BIC, is being constructed. Each chamber will be coupled to eight ΔE − E detectors in order to measure α or light particle emission probability from the highly-deformed compound state and to detect any ternary particles from fission. The ΔE − E detector consists of a gas chamber coupled with double-sided Si strip detector (DSSD) with 16 strips on each face.
CONCLUSIONS
The estimated γ-beam bandwidth, beam spot dimension, required target dimensions, fission fragment emission rates, and mass and energy distributions of the emitted fragments, obtained from simulations using the GEANT4 Monte Carlo simulation toolkit, ensure the possibility of high precision fission barrier studies for actinide nuclei. A state-ofart spectrometer, called ELI-BIC, is being designed and constructed for these experiments.
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